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_/Fifteen different metals and three Teflon-based plastics were tensile

tested a,t_om temperature, and at cryogenic temperatures ranging as low as

-423°F_h standard and notched-type specimens were used for the metals,

the latter having stress concentration factors (Kt) from 5 to 18. Test results

are compared with information from other sources when available.

Metals tested were: titanium allcys 5A]-2.5 Sn-ELI, 6A1-4V-ELI; stain-

less steel types 321, 347-c, and AM350; iron base alloys A-286 and 18% Ni

moraging steel; nickel alloys Hastelloy C, Inconel X-750, and Incone_ 713-c;

aluminum alloys A356-T6, 2219-T81, 5h56-0, 6061-T6, 7079-T6.

Plastics tested were Teflon-TFE, Armalon and Rulon A.

_ X

"_. D- _t-innett
;NERVA Technical System_, MQ_9_na_er
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I. INTRODUCTION

yThe information presented in this £eport_as compiled
from tests

performed both at the Aerojet-Gener_l Corporation plants in Sac rP/nen¢o,

and at the Von Karmam Research Cenc[_r at Azusa. I_represents the results

of some screening tests conducted during a _eria_s-"---irradiation program

determination of cryogenic prope_rties of materials; and includes verification

tests on the properties of some of the materials in the as-fabricated condition.

The fcllowing classes of materials were involved:

Titanium Alloys ;

Stainless Steel and Iron Base A!loYS_

Nickel-Base Alloys
J

/L-LU_'Lnum Alloys_

•Organic Materials, . ._ ._,- ,J--_-

A total of 15 metals and three Teflon-base materials were tested.

1966013527-014
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II. _TERIALS

A. TITANIU].'ALLOYS

Two t)-pesof titanium _iLoys were t<s%cd: A-ii -AT-ELI (:A,-_. C:.)

a,,dc_20-AV-.EoI(6AI-4V).

i. A-IIO-AT-EL.I (5AI-2.:,Sn)

•. _.-- _ W_.,_C %C_St,. C...Several conditions of"this ma._e__a_

a. Hot rolled _nd annealed pla_es (_._: in. )

b. Forged plate (i,.fin.)

c. Fz,_ruded cylinders

d. Forged and rolled rings

e. Die-forced closures.

Vmterial for items c_ d, and e were taken from par_s u_'eu in

the fabrication of the titanium pressure vessel S N <':_ITPV.

2. C 120 AV ELI (6AI-4V)

Specimens for this alloy _ere taken i'r.omi'orccdp!atc of

0.555 inch thickness.

RE(]i)N
UNCLASS IF IED ="-'='_}'-_

i
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t

B. STAINLESS STEEL AHD IRON BASE ALLOYS i

Five alloys were tested in this series:

321 stainless steel

347-c stainless steel casting

AM-350(SCT-850)

A-286 Iron Base Alloy

1_% Ni (250) maraging steel

i. 321 Stainless Steel

: This alloy was procur,,_das O.25 inch thick plate in.the j

fully annealed condition.

2. _47-c Stainless Steel - Sand Casting _ I

This alloy was sand cast in test bars (having dimensions i|

of approximately 0.25 x 2.0 x 16.0 ._n.)and in conformance to AMS 5363-B,

Class I. All specimens were completely X-rayed prior to m_chining. The

castings were annealed at 1950°F for 30 minutes |i• •

3. (scTIstainlessSteel
.!

This alloy was procured in the hot-rolled, annealed and

pickled condition in accordance with AMS 5548 condition H. After rough

|machining, the specimens were heat treated to the SCT-850 temper and then

final machined. The heat treatment was as follows:

Solution treatment:

1710°F +_25°, 30 minutes, water quenched.

Refrigerated: !i

=IO0°F +_I0°, 3 hours. ]
!I

Aged:

850°F, three hours, air cooled. I]
U

II

1966013527-017
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4. A-286 Iron Base Alloy

This alloy was procured in the hot-rolled, annealea and

pickled condition to specification AMS 5525. It was heat treated as follows:

Solution treated:

]800°F, 1 1/2 hours, air cooled.

Aged:

1350°F, 16 hours, air cooled.

5- 18_oNickel (250) Maragin5 Steel

Two forms of this alloy were tested: 0.090 inch thick

sheet and 3/8 inch dia. high-strength bolts. Materials were supplied both

in standard and in peened conditions.

Two melting conditions were represented in sheet material.

a. air melted

b. air melted, vacuum rcmelted.

The sheet specimens wer_ _ced at 900°F fol 3 boars after

fabrication. _e bolts were received in the hardened condition.

mmUNCU SS,F,ZO

1966013527-018
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C. NICKEL-BASEALLOYS

The alloys tested in this series were Hastelloy C, Inconel X-750,

and Inconel 713-c.

_. Hastelloy C

This material was procured as 0.25 in. plate in the solution

heat treated condition conforming to AMS 5530C.

2. Inconel X-750

This material was procured as 0.25 in. sheets cold-rolled,

annealed and pickled. The material was precipitation hardened by heating at

1300°F_25 ° for 20 hours and air cooled.

3. Inconel Tl3-c

This material was procured as vacuum investment cast in

blanks approximately 0.25 x 2.0 x I0 inches. All test bars were X-rayed for

soundness of material prior to machining. Specimens were cast, four per

mold; pouring temperature was 2550OF.

Fill NJNCLASSIFIED

1966013527-019



UNCLASSIFIED I, II. Materials
NERVA I '"

^ MATERIALSTEST PROGRAM D. Alum_numAlloys

Date: 1 Jan.1964

Page ii

D. ALUMINUM ALLOYS

Five aluminum alloys were included in the series. These were

A]56-T6, 2219-T81, 5456-0, 6061_T6, and 7079-T6. The material was prepared

in the following manner:

I. A356-T6

This material was cast in test bars having dimensions of

approximately 0.25 x 2.0 x 15.0 in., and was x-rayed for soundness prior to

further work. The material was heat treated to the T-6 condition as follows:

a. Solution Treatment: lO00°F, lO hours, water-quenched

b. Aged: 16 hours at room temperature

c. Precipitation Hardened: 510°F, 4 hours

2. 2219-T81
@

This alloy was procured in the form of heat treated,

0.25-in.-thick plate material.

3. 5456-0

This alloy was procured in plates of 0.25 inches thickness;

in the H321 temper. The annealed "0" condition of the specimens was obtained

by heating them at 650°F for 30 minutes and air cooling to room temperature.

4. 6061-T6

Two forms of this alloy were tested. One consisting of

0.25 inch plate, the other of a rolled ring forging from the aluminum

pressure vessel (heat number 4034 P/N 281498-1-A0). Heat treatment after

forging consisted of:

t,

a. Solution Treatment: 97b , one hour, water quenched.

b. Precipitation Hardened: 350°, 7.5 hours, air cooled.

-" 6UNCLASSIFIED _..._=(_)N
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5. 7o79-T6

This alloy was tested in three different forms: sheet, plate,

and round bars. All specimens were supplied by ACFI, Albuquerque Division, and

included both welded and non-welded specimens. The weldmenss were _de by ACFI

utilizing C-809 weld wire. Tensile specimens conforming to those detailed in

Section III-B, were made for the sheet and plate material, and R-I type specimens

were made for the round bars. For the notched welded specimens, the notches

were provided in the center of the weld joint.

In addition to the base metals, tests were conducted on:

as welded, welded and fully heat treated_ and aged-after-welding specimens.

The specimens fully heat treated after welding represented good quality

weld_ents. Specimens in the as-welded and welded-aged conditions were below

minimumweld quality, but were tested to give some idea of strength value

associated with rejectable qualitymaterial.
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E. TEFLON-BASEMATERIALS

i. Teflon, TFE

The processing details of this material constitute proprietary

information of the manufacturer. However, in general, processing follows this

procedure: a predetermined quantity (based on end-product dimensions) Jf Du Pont

No. 5 powder, 300 micron size (which is t}_ical for general purposes), is spread

on smooth platens and compressed under 2000 to 5000 psi for 5 to lO sec at room

temperature. After sintering at 700°F (i.e., above the 621°F transition to

amorphous gell), it is cooled to room temperature. When necessary, material is

stress relieved at about 500°F.

2. Armalon (A Laminate of Glass Cloth Impregnated with
Teflon_ TFE; a Patented Product of E. I. duPont)

This material was manufactured from a No. 112 glass fabric,

which was repeatedly dipped in Teflon T-30 suspensoid (an aqueous dispersion

cortaining 59 to 61% solids) until the desired thickness was attained. The

Teflon impregnated glass cloth was fused at 750°F and a pressure of i00 psi.

The laminate was transferred to a cold press, and a pressure of i00 psi applied

until cool. The 0.125-in. sheet used in this test program was built up from a

series of 0.005-in. laminates which had at least two pressure-temperature oper-

ations similar to the above. As in the case of Teflon, this information is of

a general nature, the specific processing details being proprietary.

3. Rulpn A (Fiber_lass-Filled Teflon_ TFE; a Patented Product
of the Dixon Corporation)

This materis! is a filled Teflon of proprietary composition,

and was developed for bearlng-type applications. The manufacturer's informa-

tion indicates a considerable improvement over Teflon in resistance to wear,

creep, and cold-flow. It is also said to ha_e one-half the thermal expansion

of Teflon.

JNCLASSIFIED
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III. EXPER!MENTbL EQUIPMEI_T /_ND SPECII4_N "IXPES

A. EQUIPMENT

All tensile tests were pcrlo± .... :I on O0,'J<,..'-IL, "U,pa<'i'<," D'-f _Wi:'.-:<.'n,

hydraulic-operated tensile m._chines.

For the tests at -lO0 ° and -_20°F a zpccimi liquid ,.'o:lu-_i:;L-" :.u:;

fabricated. _ae container consisted of two stainless stcc! _oL-'_-.,,......_, ._, oi"

different sizes; which were nested and welded togecher a_ the -cp, i'oz,.:lln_

a double-walled vessel_ open at one end. A hole was bored in the :,,otto:::hi

this chamber and the lower specimen-gripping fixture was inscribed _.nI w,_:!,_.5

in place. The chamber between the inner and outer walls w:_s then cv_<'ua_e.,.'

and sealed off to provide thermal insulation. "_' _..,',._un a standarc_ RI ( -;.-C-'"-

alia) specimen in position_ z,qe fluid level ih the container could be :=as-].:/

maintained three inches above the top of the specimen. _l<meeonLainer held

approximately one gallon of c_-jogenic i'luid_ which was added manually :-s

required. The -IOOOF temperature w_,s achieved by usin C d-U< ice and :_Icoiloi"

the -320°F by using liquid nitrogen. Strain measurements were "'--,-,by

of a standard high-temperature-type extensometer (equipped with extension

rods) mounted on the tensile specimen. The extension rods e::ttn:<d upw._r_,

_at-h_a %o _-.Cii'"L'rQfl%ik].ta a position above the cryogenic fluid, whe,-e they ....

t:ansfom_,er, from which strain signals were transmitted tc the stress-str:_in

chart onthe tensile machine.

Tests at -423°F we;'e conducted in the c_jo..'gtnict._st c_ii. "_t

the Von Karman Center (AGC); and utilized a 20;000 lb capacity ,.....,_'"+

Figure 1 shows the cryostat in position for a .......le test; ,_'o-_n_:cL,;_to :_

]25-1iter dewar containing liquid hydrogen, biquid hydrogen ente.'s tb-

cryostat through the flexible vacu_n-jacketed tube connected to the liu.

Gaseous h.fSrogen exhausts through the other tube shown. Z_e electrical

lead in Figure 1 is the extensometer connection. Figure 2 sires a side

view of the cryostat, showing additional details of the exh,asc system.

RE ..N ........UNCLASSIFIED ....................
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Figure I

Liquid Hydrogen Cryostat
and Supply Dewar

• .. /
1

' %
l

...

_" ,.

Figure 2

Closeup of Liquid Hydrogen
Cryostat
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The additional electrical lead is attached to the liquid-level indicators,

which consist of carbon resistors mounted in a rake. Strain measurements

were taken bymeans of a standard room temperature Baldwin averaging

extensometer (Model PS3M) as modified for cryogenic use. The modification

consisted of replacing the rubber-jacketed lead-in wires with Teflon-coated

wires, and replacing all the carbon-steel parts with ones made of 300-series

stainless steel. During one of the test series strain-type measurements

were taken by crosshead movement using a deflectometer, since the extensometer

was undergoing factorj repairs. The deflectometer output was fed into the

long-strain recorder through the normal extensometer connection. These strain

indications were not accurate due to overall system defolanaticns; and curves

derived from them are labeled "estimated strain."
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B. SPECIMENS

The majm-lty of materials were tested using modified NASA type

flat specimens as shown in Figures 3 and 4, or using the R-3 type round

specimens, as specified in Method 211.1 of Federal Test Method Standard

No. 151a. Figure 3 shows the unuotched metal specimen. Figure 4 shows

the notched metal specimen, having a stress-concentration factor, Kt, of

6.3. R-3 type specimens shown in Figure 5 (test section of O.25 in. dia

x 1 in. long) were used extensively because the loads required to break a

specimen at -423°F would in many cases have exceeded the capacity of

the liquid-hydrogen cryostat. This size also enabled the fabrication

of a greater number of specimens from limited quantities of material.
t

Non-standard specimens were uecessary in the cases of some of the 7079

aluminum alloy specimens and 18% Nickel steel bolts, because of the

materials available. For example, some of the 7079 specimens consisted

entirely of weld-deposlted metal.

Figure 6 shows the RECR type of specimen used for testing

the plastic-materials. Figure T shows the notched and unnotched Type

R-1 specimens.
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+ F,,,. [.,o
• -I i : '!

4 IN=ACE':i ___).lS '--'-_ 2.45

_.__C_GO_O. F 2.75!
1.375 _1 6.000 -"- /

"11 • 8.75 q--

Figure 3

Unnotched Specimens,
Sheet Material

.125 + .0.._ I .250

I ._,,_ ---, _-_.o,-,4 ,-..oo6 .._ ,-._.o2o

6.030

i_ 0.75 -'_I

Figure 4

•_ Notched Specimen, Sheet Material
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LENGTHI

-.. t .25R

I"- z.2s-,-I .s_
3.00

UNNOTCHED

0.002
3.205 RADII

--_ .300+_.O05!_-
GAGE i

LENGTH
45o_ I .252 _+.005 DIA.

37 DIA----- 7"',, _ / -l_v , -- .200+ O.Ol

"= 3.00

NOTCHED

Figure 5

Round Specimen Type R3
Unnotched and Notched

NE@N (_JNCLASSIFIED =='=='="_='=

1966013527-029



UNCLASSIFIED "" _'""_"_-"Equipment &
.... ,_P __ m_ R

INERVA - "-PROGRAM MATERIALS TEST PROGRAM B. Specimens

Dote: 1 Jan. 196_

-- .375 1-- .125 Page 21

I , i4.000 ---

.1302 DIATHRU 8 HOLES

i .1389 c'SINK 1200 X .224 DIA

3.000

1.000 R (4Places)
.ooo..I

1.500 4---- F22 Places _1_ .50. (2 Places)

3.000 -_ 2,00 (2 Places)
I

.50 (2Places)

'L_ t-_ .5005.000 -3

10.000

_.00 DIA THRU (2 Places)

Figure 6

Non Metallic Specimen
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_, 5.50

,_...-2.OO0 +_.0C5
GAGE LENGTH

t---- .75 DIA

.505 ± .310 lEACH END

DIAi I

'
_J ,.50

RADII
2.25 1.62

UNNOTCHED

= 5.50

,4-.--2.000 -1-.005
GAGE LENSTF;

.003 -I- .001 .505 + .OlO DIA. I---.75 DIA

RADII -'_ oOA/

NOTCHED

Figure 7

Round Spucimen Type R-I,
Unnotch_d and Notched
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IV. TEST PROCEDURES

All tensile tests were conducted in accordance with Method 211.1 of

Federal Test Method Standard No. 15!a, which is essentially identical with

ASTM Specification E8-61T. Loa0 as a function of deformation was auto-

graphically recorded. Strain-rate used for these tests was 0.005 inch-per-

inch-per-minute. In the majority of tests an extensometer was used for

strain measurements. However, in one series of tests at -423°F, during

which the extensometer was inoperative, the speed _f testing was controlle0

according to rates oi stressing. The stress rates were selected, on the

basis of best available information, as those which would be approximately

equivalent to the strain rate of 0.005 inch-per-inch-per-minute. _le

stressing rates for the several materials were as follows:

Stressing Rate to Stressing Rate, Proportional
Proportional Limit, Limit to Failure,

Material psi/_inute _si/minute

Titanium Alloys 82,000 2,000

Stainless Steels and

Iron-Base Alloys 145,000 2,000

• Nickel-base Alloys 155,000 2,400

Aluminum Alloys 53,000 700

During the latter series of tests approximate strain measurements were

taken by means of a deflectometer, which plotted crosshead movement. Stress-

strain diagrams were then developed based on actual load values, elongation

in 2" (measured after failure), and load-deflectlon curves traced by the

tensile-machine recorder. The procedure used was as follows:

A. Actual load values were used to determine the stress levels.

B. The elongation in two inches after fracture was assumed to be .
the total plastic defcrmation under the load.

RE DN
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C. The elongation in 2" was then assumed to be equal to the
distance along the abscissa between the origin and the
intersection of a llne, drawn through the point of fracture
and parallel to the recorder trace below the proport:onal
limit. This became the oasis for constructing the s1;ress-
s_rain curves. Curves drawn in this manner had their
aba[ "ssae labelled "estimated strain."
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V. _"_STRESULTS AND DISCUSSION

The results of all tests are presented in tabular and graphic form on the

following pages, For each material, tL:_ first pages present chemical analyses

and average tensile properties. Following this information there are, complete

test dnta for each specimen.

A. TITANIUM ALLOYS

Sample analysis of chemical composition of all heats of titanium

material% reported, compared with the specification requirements, is shown in

Table i. Average tensile properties for each heat and test temperatures are

shown in Table 2.
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Table 1

Chemical Analysis of TitanlumAlloys

A_ lemt b.

_tieo _ £I _ h C Itl V Others Ld % /_

_t._tcatim ma &.TO2.0 -
,.._.,.,,., ,--,_ ,,,.. _.6o_.o o._ o'_ - o._ o._. o._.
{_u4._ ..-) a,,_ze D->_ra

Im_._t. mAta )._9 2.30 o.13 o.m2 o.oo_ o.c_) o.o}J2o-_5

asqp1e _-3z/2
]_'rLnS 5.0Y 2.,,o o.oB o.o,z2 o.ook8 0.064 o.m&

cylan_s _.12 2.Y7 o.o4 o.o4 o.ol o.oo_ o.o6y o._o

5.m 2.49 0.07 0.06 o.oe6_ 0.066 0.009

s,_ze v-2o_

_,._ _._o,._ o.,oo._ - 0.009o.o_oo._

Lt_t mx 6.yo - o.lO o.oB - &._o o.m5
C-120 AYs
ma _xe _YZ7
(_.z-_v) _

flares 6.1o 0.07 o.o_ 4.00 o.oo'j_ 0.09 o.m.T
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Table 2

Average Tensile Properties of

Titanium Alloys 5A1-2.5 Sn ELI
and GAR-AV-ELI

Ultlm_te Yield
Nctched to Unnotched F_tlos

T_6F_p. Speclm_n Strensch NOtch Ultlmte Strength W-t9nsmt ion Reduction NumberMaterial Directi_ psi Strengtha psi _ in 1 £n._ _ N-Ult/Un-trltN-UIt/Un-Y.S.of T_sts

AIIO-AT,ELI
(_a-2.5s.)

1/4" Plate, _ 1_ (t) 122,500 l_2,800(KCr18.05 114,_00 15.5Z hO.O 1.17 1.25 IU,4N
-_25 219,100 171,OOO(Kt=IB.O) 205.r.X)O* 17.1 17.8 .78 .84 2U,4N

I/2"Plate, RT (t) 121_,)(x) 169,400{Kt=7) 115,6OO 17.O*" )8.2 1.36 1.47 )@
forge_ -_0 192,900 251,200(Kt=7) 182,500 14.O_H_ 2h.7 !.20 1.27 5@
(}MatI/-20965 -I_5 214,300 226,0(_Kt=5.8) 203,500 9-8 16.0 1.06 1.11 5@

I/2" Plate, I_ (1) 126,500 181,2OO(Kt=7) 121,OOO 19.)_ _7.5 1.43 1.50 3_
forcea -$20 lS0,800 248,000!¢c=7) 19e,000 14.5"* 5%2 z.a5 1.29 5_
(mint v-209&) -_25 2_t,500 235,oo0_Kt= 5-7) 218,000 7.5 24.0 i.u6 1.08 _u,2t_

ForgedAdapter l_ (c) 122,900 167,9CO{Kt=7-9) Ii_,000 1_.0 55.6 1.57 I._ 4@
]Io.220 -I00 lh5,100 IBS,800(K_--"8-9) 150,7OO ii.0 28.1 I._2 1.44 4@

(Ueat D-_-"72) -_aO 182,700 23%200(Zt= 8-95 165,5OO 14.O 2L-._ 1.28 1.43 5@
-_23 197,_00 254, 4OO(Kt=7-105 l?o, 800 10.0 21.8 1.19 1.5! 5@

For_e_ mo,ur, II_ (c) 118,_O0 157,600(Kt= 9) 107,8OO 11.5.o 59.5 1._5 1._6 U@
No. 217 ('_mt _.D6) -100 tbO,600 _8%_00_.Kt=9) 150,7OO 1_.O 5_-5 1.50 1._O a@

-_oo 162,7oo 255,7o0_Kt: 8) 15%5oo 19.5 3_.2 1._8 _.52 _,5_
_) 214,000 255,4OO(Kt:7-i0) 18_,_o 19.5 21.6 1.10 1.28

Extr_',ed I_ (c) 117, :_00 159,9oo.(Kt=6-7.) io8,100 16.4 47.5 1.56 1.t_ 5@
CylluderNo. _65 -I00 1)6,600 187,100(Kt:6-7) 125,000 14.0 55.1 1.57 1.50 _@
(ll,,tD_5_6) -520 181,800 255,600(K_=6-8) 166,7C0 II.6 55.6 1.28 i._0 5@

.I_$ 207,200 2)6,200(ICc- 6-8) 190,800 I$.5 19.2 1.I_ 1.2U 5@

Zxtr_ _ (c) 12%ioo 2)_,_o(zt:7-10) n%2oo 15.o 45.7 1.9o 2.o6 5@
CyllnaerNo. 218 -lO0 z_a,e00 19_,_oo(.Kt=7-8) 1_1,h00 15.o 57.5 1.57 1.49 5@
(Heat D 327'3) -)20 185,000 2_O,200(.Kt- 8) 17!,8OO 2!.O 55.6 1.50 1.40 5@

-h25 20_,800 2_, 900(Kt= 7-IO) 192,200 15.6 29.0 1.16 1.2_ 5@

Zctrudea _ (c) 122,200 16_,800!Y_= 7-9) tn,_oo 1_.o _o.5 1.55 1.48 5@
cylinder _o. m9 -lO0 1:i,_oo 188,100(.Kt= 6-1o) 15%200 12.0 55.8 1._5 i._5 5U,_
(NeatD52755 -_-"O 18_,_OO 2_8,600_Kt= 7-9) 1T5,700 1%o 55.6 1.5o 1.58 5_

-h25 208,200 257,800(Kt: 7-10) 19%800 15._ 21.8 1.14 1.25 5@

Zxtruae_ _¢ (1) n9,900 16_,100(Kt= 8-9) 107,500 15.o _5.6 1.58 1.5_ _@

8-91 54.8 1.,4
Cylinder No. 219 -100 I_9,500 186,700(K¢: 125,800 12.0 I.-1 5@
(HeatD)275) -_20 187,500 259,500(Dc=7- 167,000 lj.O )6.5 1.28 1._5 5@

-_25 2zz,200 P_%_00(zt:8-1o) 1W,6oo 15.6 22.6 1.20 1.28 5@

1/2"Plate, I_ (i) 1_:600 198,_00(K_-6-7) 153,000 1_.0 59.8 1.41 1.49 5@

forged -100 167,_ 226,100!Kt_"5-6) 16_,100 i_.0 _0.8 I.55 I._9 5@(_mtD_o67) -32o _,o_o z_6,1oo(Kt•_-6) _%_00 lO.7 5t,5 i._ 1._9 _@
-_2_ 239,000 26_,000{Kt: 6) 2_8, 000 ll.O _4.2 I.I0 1.16 5@

i/2" Plate _ (t) i_8,800 188,900(gt- 7-8) 1_2,709 1_.7 45.7 1.$6 1.42 5@
for_ea -100 162,600 214,800(Kt: 7) 156,900 15._ 55._ 1.52 1.57 5@
(_t _067) -_20 216,900 259,000(Y_- 6-8) 207,100 ZZ.O 50.2 1.19 1.25 ._@

-42) 2)9,000 22% 000(K¢-6-8) 2)I,000 6.0 22.) .94 .97 5@

• _sed cn strain estlm%ed from orosshead travel of tensile machine.

•*Elom_atlonin 2"-(t)transverse_(i)lon_itudlnal_(¢)circumfer_tinl.
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1. Alloy AllO-AT-ELI (_Al-2._8n, Extra 1_w Interstitial )

In general, the tensile properties were much the same, regard-

less of manud'acturingprocess. There were a few exceptions in _;hich some speci- i

mens increased their strength more rapidly than others as the temperature decreased.

This effect, and some of the other variations in properties, can undoubtedly be

attributed to the processing method. Flat tensile specimens as shown in Figures

3 a_id4 were tested for the hot rolled and forged plates. R-3 type specimens

(Figure 5) were tested for the rest of the materials including forged plates

tested at -b,R3°F. Rolling direction of flat specimens was in transverse direction

to the specimen axis. Specimens for the forged plates were tested both longitu-

dinally and transversely to the rolling direction. All R-3 type specimens

were taken in the circumferential direction with exception of one heat (D7219)

from the extruded cylinder where both circumferential and longitudinal specimens

were tested.

Several interesting comparisons wer_ _de possible by the

variety of metal working processes used in manufactuz: _g the .materials from which

specimens were taken. These (k_taare shown in Tables 2 and 3..'_r"N _zures 8 through

33. A significant characteristic of all specimens was ductility _t cryogenic

temperatures. This accompanied a notch toughness indicated by a notched-unnotched

ratio greater than 1.O for the ultinBte strength in the presence of notches having

a stress-concentration factor, Kt, of 6 to 10. The sharp notch ratio (Kt = 18.0)

•for transverse specimens of hot roiled plate at -423°F was 0.78. This value

closely approximates that of O.81 reported for transverse specimens of 6061-T6

aluminum alloy by Hanson (NASA), Reference 4. It is of interest to note that

the notch-unnotched ultimate strength for longitudinal specimens of hot-rolled

plate, taken from the same heat, was 0.88 (Reference 10), which exceeds the value

in Reference 4 shown for longitudinal specimens of 6061-T6 (i.e., 0.75).
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Table 3

Tensile Properties of Titanitnn Alloys A-iI0-AT-ELI for Plates_
O ._ O C

Forgings and Extrusions at Room Temperatures -i00 F, -920 F and -429 F

Yield

Ultimate Strength

Heat Temp Specimen Strength (0.2%), Elor4_ation Reduction

Material No. OF Type p_i .1)si in i"] _ in Area;

Plate D-3272 RT Unnot ched 122,500 IIL_,400 15.5** 40.0
(0.125" spec. (transverse)

from O.25 -423 Unnot ched 218,300 208,000" 2.3** ii. 0

stock) (transverse) 219,800 202,000* 3.0** 8.5

Forging No. D-3272 RT Unnotched 121,200 110,300 15.0 j5.4

220 (R-3 type 121,800 lll,600 15.0 32.2
specimens 123,COO i13,200 14.0 33.9

taken 125,500 116,800 13.0 32. 9
circum_fer-.

" entially) Notched 166 700

(_= 7-9) 167,300

169, 400

-i00 Unnot ched 140, 900 127,500 i0.0 26.7
142,000 130,000 ]i. 0 29.0

143,800 131,300 12.0 28.1

145,500 134,ooo lO.o 28.4

Notched 186,800

(Kt=8-9) 187,_0
189,300
191, 700

-320 Unnotched 181,500 163,800 i0.0 27.8

181,600 160,500 14.0 24.4

182,800 165,300 -1-5.0 24.4

Notched 229, 400

(_= 8-9) 229,400
236,200
237, 200
238, 800

-423 Unnotched 191, 000 178,000 12.0 22.0
195, (DO 177,000 12.0 20.0

195, 000 177,000 ii. 0 23. O

200, OOO 177, 000 9.0 23.0
206,000 185,000 6.0 21.0

Notched 226 2

(Kt= 7-10) 233 0
233 8
2;6 2
242 8

Based on strain estimated from crossbead travel tensile machine.

Elongation in 2".

i,
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Table 3 (cont.)
/,

Yield

Ultlm_te Strength

Heat Temp Specimen Strength (0.2_), Elongation Reduction

M_terial No. OF _%bjpe psi psi in i" t _ in Area,

Forging No. D-3346 RT Unnotched ll6,900 106,900 16.0 40.3
217 (R-3 type ll8,000 107,_DO 15.0 41.4

specimens 118,900 108,300 15.0 37.0
taken 119,300 109, (DO 15. O 37.7
circumfer- Notched 153,700

entially ) (Kt= 9) 155,900

161,500

-i00 Unnotched 138,800 - ii. O 35.5

138,800 - 13. O 34. 5
141,300 131,300 15. O 56. O

*_" 143,400 130,000 15.0 32.2
Notched 176,700

(Kt:9) 182, i
185,9o0
187,9o0 F

-520 Unnotched 178, 9o0 158, 600 20.0 54.4 |
18o,9oo 148,4oo 16.o - i
185,7oo - z&o 31.2 ,i
185,800 - 16.0 57.2 J

Not caed 228,i00

(_= _) • 235,_
254,5oo
236,200

256,6o0

-425 Unnotehed 207,(DO 190,000 - 24.O

211, (.DO 187,000 18.0 24.0
214, oco 182,ooo .. 16.0
218,000 183,000 - 16 0

220,(Do %80,ooo 21.o 27.o
Not che d _, 000

(Kt= 7-10) 236, ZOO
239,000
239,800

240,900

Forged Plate V-2096 -423 Unnot.ched 218,000 214, 030 9.0 19.0

(R-5 type (I_) 225, (DO 217,(DO 6.0 20.0
specimens from 223,000 223, 000 - 35.0

O.5" plate ) Notched 228,000 L_
(long) 2_,coo
Kt=5-7

L

I -425 ' Umnotched 212 0 205,000 8.0 17.0

(trans) 215 0 12.0 17.0

216 0 202,000 9.0 . 14.0
Notched 215 0

(tr_s) 23oo
i Kt= 5-7 234 o
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Table 3 (cont.)

Yield

Ultin_te Strength

Heat T_mp Speci_n Strength (0.2%)_ ElongaticL _ Reduction
M_terial No. F __ T_e psi _si in i"_ _ in Area2

Extruded D-3273 RT Unnotched 117,700 107,600 15.0 42.9
Cylinder No. 124,200 114,200 15.0 44.9
218 124,400 ].14,6O0 15.0 44.0
(R-3 type 126000 i16,600 14.0 44.3
specimens 128,400 117,900 13.0 42.3
taken RT Notched 160,600

circumfer- (Kt= 7-9) 164,300
entially 165,600

173,000
174,8O0

-i00 Unnotched 139,600 127,200 12.0 38.8
142,600 133,700 13.0 39.6
143,400 131,lO0 12.0 36.6
lJ'3,600 - 14.0 38.i
143,900 133,600 13.0 34.4

Notched 192,400

(Kt= 7-8) 193,700
1% ,800
i96,8oo
196,900

-320 Unnotched 181,600 167,900 20.0 38.0
182,100 167,200 21.0 36.4
184,800 174,900 20.0 38.9
185,700 172,200 21.0 33.0
188,500 177,000 22.0 31.9

Notched 236,000

(Kt= 8 ) 238,200
240,500
241,900
244,400

-423 Unnotched 196,000 192,O00 12.0 33.O
201,000 183,000 16.0 28.0
206,0OO 194,000 i6.0 3O.O
2o6,ooo i%,ooo 9.o 28.o
210,000 196,000 15.0 26.0

Notched 235,000

(Kt= 7-i0) 236,100
237,500
240,000
246,200

R= NUNCLASSIFIED
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Yield i

Ultimate Strength

Heat Temp Specimen Strength (0.2%), Elongation Peductlon

_terlal No. OF Type . psi ,' psi in i"t _ in Area., _,

Extruded D-3273 RT Unnot ched 119,8 00 ii0, i00 13.0 44.4

Cylinder Nc. 121,7 00 ll0,700 13.0 40.0

219 122 ,lO0 lll, 700 16.0 39.4

(R-3 type 123,600 112,500 14.0 35.1
specimens 124,000 ll2,200 15.0 35.1

taken RT Notched 158,800

circumfer- (Kt= 7-9) 159,000
ent ially 164,2 00

168,8 00
173,6 O0

-100 Unnot ched 139,6 O0 128,800 12.0 38.8

141 ,lO0 130,500 13.0 37.7

141,2oo 127,200 13.o 34.4
141,9oo 13o,3oo 13.o 34.5
143,000 134,400 ll. 0 33.4

Notched 183,5 00

(Kt= 6-i0) 186 ,i00
187,400
195,5 00

-320 Unnot ched 180,5 00 - .0 36.4

183,2 O0 - z_. 0 35.1
184 _I00 174,700 17.0 36.6

184,4 oo - 15. o 38.3
184,800 172,600 15.0 31.8

Notched 234 _ 00

(Kt= 7-9) 235,000
237,0O0
239,7O0
246,900

-423 Unnot ched 196,0 00 189,000 13.0 32.0

209,000 189,000 - 15.0

210 #)00 1_2,000 ll.0 30.0
212,0 00 193,000 16.0 21.0

214,0 O0 191,000 - ii. 0
Notched 221 _ 00

(Kt= 7-10) 235,700
241,8 O0
243,9oo
245,900
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Table 3 (cont.)

Yield

Ultimate Strength
Heat Temp Specimen Strength (0.2%), Elongation Reduction

Material No. OF Type psi psi in 1"2 _ in Area_ _o

_truded D-3273 RT Unnotched 118,500 104,500 15.0 43.8
Cylinder No. 120,100 108,800 16.0 44.8
219 120,20C 107,900 14.O 42.8
(R-3 type 120,200 108,200 16.0 43.1
_.pecimens 120,400 108 ,lO0 14.0 44.4
taken Notched 162,800

longitudinally (Kt= 8-9) 164,800
165,lO0
166,000
166,700

-iO0 Unnotched 137,400 124,200 ii.0 32.7
138,400 123,500 13.O 37.6
138,700 120,600 15.0 38.3
140,200 127,300 ll.O 27.5
141,7oo 123,6oo io.o 38.o

Notched 184,i00

(Kt= 8-9) 185,200
185,600
186,200
191,900

-320 Unnotched 186,700 164,600 16.0 37.2
!86,800 163,900 ]6.O 30.7
!87,000 167,700 14.O 37.8
188,ooo 171,9oo 16.o 38.3
188 ,ioo - 15.o 38.4

Notched 236,8O0

(Kt= 7-9) 238,200
238,600
241,200

° 242,800

-423 Unnotched 204,000 198,000 14.0 24.0
210,000 199,000 14.0 30.0
214,000 198,000 15.0 20.0
214,000 198,000 16.0 17.0
214,000 200,000 19.0 22.0

Notched 245,900

(Kt= 8-10) 252,100
253 ,CO0
256,000

259,900

Rt N
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Table 3 (cont.)

Yield

Ultimate Strength
Heat _xmp Specimen Strength (0.2_), Elongation Reduction

Material No. _F Type __ _si __2si .in 2"I _

i/2" ForKed V-2096 RT Uunotchcd (I) 127,600 !23,300 19.0 _8.3
Flare standard 127,400 222,500 21.0 46.4

_, 5C_ 117,500 18.0 47.1

Note_bed (1) 189,200
standard 186,800

(Kt= 7 ) 167, 600

-320 Unnotched (1) [4X),000 191,800 16.O 32.4
standard 198,400 193,500 15.5 29.6

198,4oo 19o,80o 14.o 37.5

Notched (i) 256,800
standard 2"_5,50C

(zt=7) 241,700

-k23 Unnotched (I) 223,000 2i7,000 6.0" 20.0
R-3 223,o00 ee3,00o - 33.o

?-18,000 21_,000 9-O* 19.0

Notched (]) 2;&2,000
R-3 228,000

(Kt= 5-7)
I

]/2" Forged V-20_ ]_ Unnotched (t) 126,700 117,900 18.0 29.6
Plate standard 123,200 ll4_500 17.0 34.5

122,900 llk,400 16.0 40.6

Notched (t) 173,500
standard 170,000

(Kt=7) 164,800
-320 Unnotched (t) 193,100 182,800 ll.O !7.6"*

standard !92,900 181,400 16.0 35.i**
192,800 183,200 14.0 21.5

Notched (t) 241,000
standard 237,200

(Kt= 7) 215,300

"_3 Utmotchecl 216,000 202,000 9.O* 14.0
i_-3 215,0OO - 12.O* 17.0

212,0OO 205,000 8.0* 17.O

Notched (t) :_3lt,000
R-3 230,000

(zt=_-7) m% o_

• -*-Basedon strain _stimated frum crosshead travel of tensile machine.

Tmoke at punch mark delineating gage length.
(I) longitudim_l.
(t) transverse.
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a. Plate Materials

A coH_arison of hot-rolled plate with forged plate at

-423°F shows that strength and ductility of transverse type specimens are

approximately equal (ultimate strength 219,i00 psi to 214,300, yield strength

205_000 to 203,500 psi; 17.8% to 16% area reduction). The equivalence oZ"ductility

is based on a comparison of area reductions rather than the elongations since the

former is always considered the better p.zrameter for measuring this property. This

comparison is not the i_l one since the specimen sizes and configurations were

not the same, one type being standard flat, and the other a subsize rotund.

Comparison of hot-rolled plate (transverse specimens )

with extruded cylinders (circumferential specimens ), all manufactured from the

same heat, (D3273) shows that room temperature tens_.le (122,500 and 124,lO0 psi )

._le!d, (I14,400 and 114,200 psi ) elongation, 15.5% and 15% and area reduction

(40% and 43.7_) are practically identical in spite of the differences in specimen

size and configuration. The longitudinal specimens from extruded stock indicate

a slightly lower room temperature yield strength (107,500 psi) than the rolled

plate. However, at -423°F both ultimate and yield strengths of the hot-rolled

plate are noticeably higher (by about 8-10, 000 psi ) than those for extruded

material, (both longitudinal and circumferential) except in the cc.seof the

yield strength of longltudlnal specimens where the values of extruded and hot-

rolled materials are almost equal.. Ductility parameters at -423°F, when evaluated

together, indicate that plate and extrusions are practically equal.

b. Forgings

Comparison of clrcumferenti_l-type specimens from a ring

forging and a closu2e forging showed general similarity, with a few iuterestlng

differences. The ring forging exhibited less ductility at all temperatures. At

room temperature its tensile, yield and notch-ultimate strengths were higher than

those e_ the closure forging. At -lO0°F, the ring forging had slightly higher

1966013527-077
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tensile and notch ultimate strengths, but yield strengths were equal. At -320°F

the tensile and notch ul_imate strengths were equal, but t_.eyield strength of the

ring forging was higher. At -423°F the ring forging had lower tensile strength,

and yield strength, but the notch-eltimate strengths were equal. The interesting

feature is the crossover range, at -320°F and below, where the tensile and yield

strengths of the closure forging increased to higher values than those of the

ring forging.

Test results obtained from the closure forging, (heat

D3346 ) con_are very closely with the results obtained on the extruded cylinder

No. 465 made from the same heat, the only differences being slightly higher yield

strengths for the extrusion at -320° and -423°F and higher tensile strength at

-423°F for the forging.

c. Extruded Cylinders

The tensile properties from all tD_ee extruded cylinders

in the circumferential direction were very similar.

Two cylinders, extruded from material of heat D3273,

exhibited test results which were nearly identical. The notch ultimate strengths

shown for room temperat1_e and -lO0°F represent variations io Kt, which would

account for the different values.

Both longitudinal and circumferential type specimens

taken from cylinder 219, heat D3273, had properties which were nearly equal. Yield

strengths, however_ were generally higher for circumferential specimens, and the

-423°F notch ultin_te strength for longitudinal specimens at th@_ same Kt was

higher by 13,00O psi.

RER)N
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2. Alloy 6AI-4V-ELI

This alloy represents an increase in both tensile and yzeld

strengths over AIIO-AT, ELI with no evident difference in ductility over the

entire ramge of room to cryogenic temperatures. The notch toughness_ however_

measured by notched/unnotched ratios (Kt = 6.3) is not quite as high as for the

All0 alloy_ although values are about 1.0 at temperatures down to -320°F. At

-423°F the notched/unnotched ultimate ratio is 0.94 and_ that of notched ultimate/

unnotched yield is 0.97, Note thst these are not "sharp notch" va!ues_ obtained

by use of a high stress-concentration factor (Kt = 18) which is required as the next

step in evaluating this material. The data are presented in Tables ._and 4 and

Figures 34 through 37, and include both longitudinal and transverse properties

of notched and unnotched specimens. The tensile properties of 6AI-4V, ELI, both

longitudinally and transversely at room temperature (ultimate strength 140, 600

and 138,800 psi; yield strength 133,000 and 132_,700 psi) and at cry&6enic tem-

peratures (ultimate strength 239, 000 and 239, 0OO; yield strength 228, 0OO and 231_ 000

psi at -423°F) are nearly equal.

prom r
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Table 4

Tensile Properties of Titanium Alloy 6AI-4V-ELI Forged Plates
at Room Temperature -lO0°F, -320°F and -423°F

Yield

Ultimate Strength
Heat Temp. Specimen Strength, (0.2%) Elm_at% on Reduction

NO. OF T_e psi 2si in l". ___ in Area,

D 3067 RT Unnotched 139,800 132,500 14.0 40.6
Long. 140,500 _52,800 14.0 39.1

]41,500 135,700 14.0 39.2
R-3 type Notched 190,800
Specimens Long 194,200

(Kt=6-7) 194,900

Unnotched 138,200 132,I00 14.0 43.8
Transv. 138,800 133,000 15.0 44.7

139,400 132,900 15.0 42.6
Notched 188,300
Transv. 188,800

(Kt=7-8) 189,'f00

-i00 U1motched 165,500 160,300 13. 0 53.3
Long 165,900 162,300 13.0 28.7

172,400 166,700 13.0 30.5
Notched 225,200
Long 226,500

(Kt=5-6) 226,700

Unnotcb _d 162,3 O0 153,800 13.0 36.1
T_ansv. 162,700 159,700 13.0 34.0

162,900 159,lO0 14.0 35.9
Notched 2LI ,lO0
Transv. 216,400

(Kt=T) 217,000

-320 Unnotched 219,900 211,500 Ii.0 34.9
Long 220,800 9_ll,400 ll.0 31.4

230,300 220,400 10.0 27.6

Not_.hed 270,300
Long 275,i00

(Kt=4-6) 282,8OO

Umlotched 9-15,600 206,200 i0.0 28.7

Transv. 217,400 207,200 ll.0 30.7
217,600 208,000 la.0 31.3

Notched 252,500
_Tansv. 261,900

262,
-423 Unnotched 230,000 230,000 Ii. 0 23.0

Long 241,000 225,000 12.0 24.6
247,000 228,000 i0.0 24.9

Notched 262,000
Long 263,000

(Kt=6) 267, O0

Umlotched 231,000 231,000 6.0 25.7
-_zansv. 236,000 - 6.0 20.1

251,000 - 6.0 91.0

Notched 2'_0,000
Tr_nsv. 222,000

(Kt=6-8) 231,000

Rt@N
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B. _ STEELS _ IRON BASE ALLOYS

Chemical composition (as ob_ined by sample analysis and compared

to the corresponding specification requirements ) of all stainless steels and iron

bese alloys are shown in Table 5. Average tensile properties of these alloys

a_-eshown in Table 6.

II I_1 _"r'! '!"='11'% . . -- _
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V. Teat _P=-_+= n._

U NCLASSI FIED Discussion

_ N-ERVA ............
PROGRAM MATERIALS TEST PROGRAM B. Stainless Steels andIron Base Alloys

Date: 1 Jan. 19o4

Teble 6 Page T0

Average Tensile Properties of Stainless Steel and iron £_se Alloys

U_tllate Yield
_e_. Strength r_tch mtimte _e_tb Elmga_'.._ Ikd_ctiou N_hed to _motche: lktios Nmber

-_23z%6,7oo ]J)6,_oo 57,ooo* )o.3 _z.? o._9 z.8? 2@

_j_e_'W-c _ 8_,6oo .__,)oo(Kt=6.)) )9,9oo _o.9 _._ 0.65 Z.T9 _o, _a
_._ -_.?._A!_,5oolo_,)oo 8_,o0o* _._ 5.1 0.9o 1.22 2@

_uO_o-sc't _ 200,090zu,1_oo(ct-6.))zGz,zoe 9.) )3._ z._ 1.3z 20,_a
(8_O°T) -k2) _,700 80,900 2_, 000e 1._ 0.9 0.26 0.27 2@

A-_86 _, 1_,6_0 Z_2,yOO(Kt-6._)Z06,_O 19.8 _)-9 0.98 :._ 2U
-_23 2z6,6oo _e,5oo z_z,ooo* 2_,._ }2.2 o.9_ I._

z81_a_.
Naz_Ktn_ _/-loaK" -k2) )_,000 _2,_00(_=_.)) _7._0 2.] ee - 0.90 0._ 2U, }If
steel "v-tran=." _6_,000 _8,00c _0,_00 2.8** - 0.90 0.9_ 2%
(o.o9",_-t)

"A-_o_" -._e}1}_,ooo}2},.-,oo(r,t_.})y,_,ooo _.o"* - o.gz o._ lu, _
"A-trsm_v" )I_),000 _J.,000 )}9,000 )._'*_ - 0.99 0.9_ 20, ,:,'}N

}/8-_.ma. _olt_ -_:,-,I_._,ooo - - - }@

_e_ea boltt_ _o, ooo - - - } @

*Based on strmln estimated from erosshead travel of temstle _e.

_Elon_tlon In i".
"A" Air melted.
"V" Vm_ummremelt of "A".
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i. Stainless Steel Type _21

The increase in tensile strength of this n_terial from 81,250

at room temperature to 216,700 psi at -423°F (approx. 65%) is much higher

thin:the increase in the 0.2% yield strength (s@prox. 16%) from 34,350 to 57,000

_si. The dat& are shown in Tables 6 and 7 and Figure 58. In spite of these

strength _creases, the ductility, i.e., elongation and area reduction, remained

high at -423°F. 'Ihenotched ultimate strength at -425°F was much higher than the

unnotched yield strength (by a ratio of 2.56) and is indicative of satisfactor_

notch toughness, in spite of notched to unnotched ratio of 0.49. At this

temperature, these test results are in agreement with the data reported by NBS

(Referencesi and 7)-

R'eN
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Table 7

Tensile Properties of 321 Stainless Steel at
Room Temperature and -423°F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction Hardness

_terlal OF Type psi _O.__j_si in 2"; _ in Area I _ Rockwell

._pe 321 RT Unnotched 78,700 29,800 59.0 67.0 A-43
mnealed 83,800 38,900 57-5 63.8 A-47

RT Notched 84, 000

(Kt=6.3) 8%
84,6_

-_25 Unnotched 210,800 58,000" 32.5 51.3
222,600 56,000" 28.2 52.0

-423 Notched 101,100
(Kt= 6.3 ) iii, 500

Based on strain estimated from crosshead travel of tensile machine.
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2. Stainless Steel Type _47.c (Casting)

'l_eroom temperature ultimte (85,600 psi ) and yield strengths

(39,900 psi) were comparable to those of Type 321 wrought material, which is

generally typical of 300 series stainless steels. However, the increase in

tensile strength at -423°F (ll3,500 psi) was much less (15%), and the increase in

yield strength was much greater (up to 84,000 psi approx 80%). (See Table 6 and 8

and Figure 39 for these da_a. ) The ductility of the cast specimens reduced

drastically with decrease in temperature as shown by a drop from 30.9% elongation

at room temperature to 4% at -423°F. This indicates a strong tendency toward

brittle behavior. It should, however, be noted that the notch-ultimate strength

at -423°F was appreciably higher than the unnotched yield strength indicating

that the material may still be useful at cryogenic temperatures.

The mlcrostructure of this material normally consists of dendritic

austenite (face-centered cubic) with discontinuous pools of ferrite (body-centered

cublc) at interdendritic boundaries. The ferrite promotes ductility at room

temperature, but becomes brittle at cryogenic temperatures. Brittle behavior at

cryogenic temperat,ires is usually observed in the case of body-centered cubic

metals, while face--centered cubic metals are normally ductile.

RE)N_iCLASSIFIED "'_'_ _ m_
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Table 8

Tensile _roperties of 347-C Stainless Steel Sand Casting
at Room Temperature and -4._°F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction Hardness

Material OF Type. psi (0.2_)psi in 2", _ in Area, _ Rockwell

-_7c
3and RT Unnotched 83,900 38,700 28.0 29.2
_.ast) 85,400 37,900 35.5 24.9

86,400 40,200 32.0 25.6
86, 600 42,800 28.0 21.9

RT Notched 66,000
73,800
74,300

-423 Unnotched iii,800 85,000" 5.0 4.i
83,ooo* 3.5 6.i

-423 Notched 98,600

%: 6.3) lO_,900

Based on strain estimated from crosshead travel of tensile machine.

NPI A ¢¢1 I='1I='1"% =:=.:==.'. ,==:"
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3. Stainless Steel'-AM350 (SCT)

This material_ a martensitic stainless steel_ reaches very

high ultimate (306;700 psi) and yield strengths (295_000 psi) at -423°_- However_

the ductility is greatly reduced and the material becomes so notch-sensitive that

it is not suitable for cryogenic applications. The data is presented in Tables

6 and 9 and Figure 40.
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Table 9

Tensile Properties of AM-350 SCT (850)oStainless Steel at Room
Temperature -423"F

Ult imate Yield

. Specimen Strength Strength Elongation Re_actzon HardnessMaterial Type psi (0.2%)psi in 2", % in Area; _ Rockwell

AM350 SCT RT Unnotched 199,200 162,lOO 9.5 35-6 C-47
(850°F) 200,900 160,100 9.0 31.4 C-45

_. _T Notched 209,600
210,600
211,90O
213,i00

-423 Umnotched 305, 900 288,0OO* i.O -O
307,500 302,000" 2.0 O.9

-423 Notched 77,500

(_= 6.3) 84,300

Based on strain estimated from crosshead travel of tensile machine.
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4. Alloy A-2862 Age Hardened

This material is ideally suited to cryogenic applications. It

is ar austenitic type material, precipitation _rdened to achieve high room-

temperature strength. At -423°F the ultimate (216,600 psi ) and yield strengths

(141,000 psl) are appreciably increased, above room temperature values (155_650 psi

and 106,150 psi respectively) while ductility remains the same as at room

temperature (19.8_ to 24.5_ elongation and 33-% to 32.2% area reduction). The

data obtained from these tests is shown in Tables 6 and lO s_d Figure 41. Note

the extreme notch toughness of the materials at -423°F. The ratio of notched-

ultimate to unnotched yield strength is 1.50, and the ratio of notch-ultimate to

unnotched-ultimate is 0.94. Similar results have seen observed by other investi-

gators (Reference 6 ).
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__able i0

Tensile Properties of A-286 Stainless Steel

at Room Temperature and -425°F

Ultimate Yield

Temp. Specimen Strengtn Strength Elongation Reduction Hardness

Material UF Type psi (0.2%)psi in 2", % in Area, % Bockwell

A-286 RT Unnotched 155,300 107,700 20.5 35-5 C-31

156,000 104,600 19.0 32.2 C-31

RT Notched 150,600

151,900
154,6OO
154,600

-423 Unnotched 216,000 143,000" 26.5 28.9

217,2C_ 139,000" 22.5 35-4

-423 Notched 185,400

(Kt=6.3 ) 219.,6oo

Based on strain estimated fr_n crosshead travel of tensile machJ ne

RE
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5- 18_- Nickel-Maragin$ Steel (250)

'l_nismaterial represents a series of slloys which have only

recently come into general use. Longitudinal and transverse notched and _unotched

flat specimens, one-half size, were tested. Although the elongation at -423°F

is low, ranging from 2.0 to 4.0_, (see Tables 6 and ll, and Figure 42) the yield

and ultimate strengths are very high "(that is in the range of 350,000 to 360,000

psi) and the notch toughness appears acceptable. However, it should be noted that

at -423°F the ratio of notched ultimate to unnotched yield strength is less than

unity (approximately 0.95). Vacuum-melted material, tested transverse to the

rolling direction, exhibited significantly higher ultimate and yield strengths

than air-melted material, although these properties in the longitudinal direction

were essentially equal.
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Table Ii

Tensile Properties of 18_ Ni (250) Maraging Steel at -423°F

Ultimate Yield

Specimen Strength Strength Elongation
Material Series Type _si (O.2_),psi in i in.

Sheet "V" Unnotched (long) 350,000 545,000 2.0
(0.09 in.) 362,000 350,000 2.5

R-3 Size Notched (long 312,000

Specimens (Kt = 6.3 ) 325,000
330,000

"V" Unnotened (Transv.) 362,000 347,000 3.0
368,ooo 354,ooo 2.5

Notched (Transv.) 30%000

(Kt = 6.3 ) 328,000
349,ooo

"A" mmotched(long) 329,000 3.0
356,000 344,000 3.0

Notched (long) 294 000

(Kt = 6.3 ) 329,000
347,000

"A" Unnotched (Transv.) 330,000 323,000 4.0
360,ooo 355,ooo 3.o

Botched (Transv.) 303,000

(Kt = 6.3) 323,ooo
337, O00

Bolts Unpeened 302,000
330,000
373,000

Peened 557,000
394,000
409,000

,RIIN
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1966013527-101



I
V. Test Results and

U NCLASS I F! ED Di SCUS Sion

J | ..... ,

Stainless Steels andMATERIALS TEST PROGRAM B. IronBase Alloys

Dote: I J:n. 1964

Page 85

600 I ................. '1 ............... , ....... :i ; ............ :I:':-.-:-:;::...::.:!:..:::., .. ".i'i":'::::l "'!"
"".:'::"!::: ........ , • i ' • -'i .... " I ... .

' : • "...i..:" • I.::. :: :. = . ..
560 ..:.iii- ....... i...... :::-...ii-...,:......-.....:...... _...... ..-.--.-........

, ";;;::': ...... : :.. • ' I ........• :" "...:: ':'....I.:. ii_!i!i_i :: :1 :i ." ............. I ...... I

i!:'::':",:'. ".:i : • :::1 "" " I : ; • ": . i
520 ....... ::.-'t........ :..... :'::1.: ":--: .... :-.'|,--;:'-':t:": ........ -,-. " ;-"

•:.... :.:: ....... :::::::::::::::::::::: ........ i ...... :l-:-." : .:'!"i: ........ ......:....:: .... ......L:.::.::.._ .... :.i i" .

48o ..... '
:ii:::::i. ! • .i , : .

440 '.]:':---'i:L.::_.:].iiiii:!:::i:. : .... : ......... ='......... :l.-:' .... :' ..... ' • "_ .......... i • .. ' ........ ; .... : ' ' . " ' LU'.:':I
.......... I-_" --- | I | . . i .-_._ .... •

"""::':'":':'"'-;']-_ ', ' --' ............ ' ........ '...... "":_;]=i:"l
I

400 ......... : .........................:'-::'I:": .... ".... ! • _ . .I . . I

...... "........." ........|1............_:-" _-- " -+: ,i[ti__=::'
360 ===:::_.:::::-!:_ _:___,.._,.,_, ,.,.,..,.._:= __

............... _'-_" 4 4 : i'| _.,: lie . .,_=- _ =..... ....... ......=
g "---------" "::-,_.._ _ ammm•lw we • " W-=.milml;::Oi,?"_-,=---'mu=

; .......... :'_._ 4 :_" "='= I ,lab Jill _ .',"{liP-.;"-'_l_ili _& ''1' : '

.... .u_-_. _, _.._| _ /ilF_llL_.¢_ll| lilllllllllmlll p Ilmnlllllgl=

...... t: ...... ]] ],, I F/.ii_ililmwll=|=,,,,,,i =BilGE280 --_-, ........_,.,i.,,....,_:.__- .,................. ,....
m : _'-'_'_-_" " -:" "_ )H " _g_]_' ¢ / .ll leeiiiinlu_mmmmllle Ilelll!llllwllill........ all ml Illl • iiIleellll , iii

_----_--I-; ..... 7 I II_IIW'/ ,,' ,IIglI,,,I|I,,,,H,I lllllllllHIn,,

,,,.___ .... _ I I • • • • ili_HIiil_l_lll • II IIIIHl_ll_
• _--j_..... I , ,, | ='h,, ,, i

(/)

200 .........

160 I!IIiI!"=I"|F=" __-_-_: :
l'i-l"Tt'l _II"

i i i

120 =:=:="=:"== _'iiJ_t443_

0 imWllUnt

40 -_" _:=-==._..:===r=:==.::.'===m==:,::::::=:::,====:====:::==l=l=m=l
_, ....... :.= H_|ilHIJi_IH_IBilmhlnlUUlliiUi!iiliillUUi millime lllel nllm_ l III. ,, .... , ..... =_I= ...... .'I1=IIl1111|1111111111..I_1!I1_111111U|lll|llllll_ln IInlNII!

41111 II II IIIIIIIII iiIIInlllll_l iiIII l Ill ii lllll iiill Ill IIIIII illll

I l i i i I iiiiwlll illll i_1 illlliNll s i me I_11 mi i ilqllllllll Oi i i i l l l iii e el e l iiiiiiil_llll i iii iii

0 .004 .008 .012 .016 .020

STRAIN, INCHES PER INCH

Figure 42

Maraging S_eel 18% Nickel (250_,

Stress-Strain Diagram ('_t -423_F)

lecets oil • • Iq_ OI.

:LASSIFIED "

1966013527-102



V. Test Results and
_JNCLASS|_| I:'D Discussion

'NERVA ...........PROO_I_.A_M.. MATERIALSTEST PROGRAM c. Nickel-BaseAlloys-- ml u i I I ,

Dote: I Jan. 1964

Page 86

C. NICkEL-BASE ALLOYS

Nickel-base alloys, although normally used for high temperature

applications, are, as a class, also well-suited for cryogenic use. They have-

good notch toughness and retain their room temperature ductility, while increasing

in both tensile and yield s_rengths. All three of the alloys reported here follow

this pattern.

The chemical composition of these alloys obLained by sample

analysis as compared with the specification requirements are shown in Table 12.

Average tensile properties are shown in Table 13.

NCLASSIFIED E'_';J
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Table 12

Chemical Analysis of the Nickel Base Alloys

Material _ 02 N2

I_si_nation Ni C Cr Fe S Si Cu Yn Mo Co P Ti A1 Others ppm ppm ppm

±4.50 4.oo 15.oo - 3.oo w
_stelloyC Specification Min. Bal. o'_ I_.50 7.00 0.03 1.00 I.OO 17.00 2.00 0.'04 4.50 W

6.35v

Specim_u _i. 0.05 15.7_ 5.46 0.012 0.63 0.55 15.78 1.44 4.50E

Analysis O.008 O.267 3 280 120

Inconel X- Specification Min. 70.00 - 14.00 5.00 2.25 0.40 0.70 Nb
750 Limit Max. 0.08 17,OO 9.OO O.O1 0.50 0.50 i.O0 i.OO 2.75 i.OO 1.20 Nb

Specimen 73.44 0.04 14.98 6.64 0.007 0.34 0.05 0.54 1.00 2.45 ( ,i 0.82 Nb+Ta 83 i 3
Analysis i.i

Inconel Specification Min. Bal. 0.08 12.OO 3.80 0.005 B

713-c Limit 0.50 5.50 1.80 Nb+%_

Vax. 0.20 14.OO 2.50 O.O15 0.50 0.50 0.25 5.20 LO O.05 Zr
O.O_5 B

i.OO 6.50 2.80Nb+Ta

o.15 zr

Specimen 2.31 Nb+T_
Analys_s Bal. O.13 12.86 0.85 0.007 0.16 0.03 0.0_ 4.51 0.73 0.75 6.22 0.140 Zr

O.O10 B
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Table 13

Average Tensile Properties of Nickel Base Alloys

Ultimate Yield Notched to Unnotched l_tios

_. Stremgth Notch Ultimte Strength _lon_tion Beduction NumberAllo z -- Psi Strength. psi _ in 2 4.,-,. _ in Area, _ N-Ult/Un-Ult N-Ult/Oh-Y. S. of Tests

_ateUoy c _ _8,9oo 99,7oo(Kt-6.3)59,25o 46.3 57.0 .8_ 1.68 2u,4_
-_e) 172,15o 155,55o uo,ooo* 28.8 35.7 .9o z.41 2@

_conezX-75o_ 171,_oo 16),300(Kt-613)I09,600 e6.5 _a.5 .9_ l._9 2@
-_3 2z7,_oo z89,3oo l_,ooo* 2_.8 _e.2 .87 Z._l 2u, m

.Ymccuel "_-3-e _ 104,800 116,800 . 99,850 2.0 9.6 1.11 l.l? 2U, 4N

(_vestmemt .b,_ iii,7_0 127,700 108,000_ I._ _.9 i.i_ 1.18 _U, 4N
east)

*B_sed on strain estimated from erosshead travel of tensile machine.
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i. Hastelloy C

The annealed condition of this alloy, normally supplied_ is

suitable for cryogenic applications. The tensile (118,500 psi) and yield

strengths (59,250 psi) at room temperatures arein good agreement with the vendor's

data (Reference ii) and are considerably increased at liquid hydrogen temperature_

with a higher percentage increase in yield strength than in ulti_te strength.

This _aterial re*_ains comparatively high ductility (28.8%

elongation and 35.7% area reduction) at -423°F despite the high percentage

decrease shown .in these properties.

With a stress concentration factor of Kt : 6,3 an actual increase

in the notched-unnotched ratio (0.90) was obtained at liquid hydrogen temperature

compared with this ratio (0.84) at room temperature. The tensile properties for

this alloy are shown in __ables 13 and 14 and Pigure 43.

...o,:@N_'pI A_',C, lFIl='rl _-._. ram,.
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Table 14

Tensile Properties of Hastelloy C at Roc_ Temperature and -423°F

Ultimate Yield

Temp. Specimes Strength Strength Elongation Reduction Hardness
t_tertai OF ____e _si (0.2_),psi in 2 in. _ in Area _ RockwuL! Ref.

Hastelloy C, R_ Unnotched llS,200 58,700 47.0 72.8 A-60** i

I mill 119,600 59,800 45.5 41.i A-60
annealed

Notched 94,600

(Kt=6.3) _,_oo
97,.=oo
109,300

i -_3 IInnotched 167,i00 112,000: 28.5 35.8
" 177,200 108,000 29.0 35-5

.: Notched 151,900

(Kt=6.3)z59,_o

Based on strain estimated from crosshead travel of tensile machine.

Equivalent to C-20.
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2. Inconel X-__O

This is a precipitation hardened alloy with high tensile

properties at room temperature (171, 400 psi tensile, 109;600 psi yield and

26.5% elongation). The percentages of increase in tensile and yield strengths and

decrease in ductility from room to liquid hydrogen temperatures are less than those

for Hastelloy C. The ratio of notched ultimate to unnotched yield strength

remains above unity. The data for this material are presented in Tables 13 and

15 and in Figure 44.

RE N
NCLASSIFIED

1966013527-109



I

v. Test Results and
U NCLASS! F! ED Disous_ion

NERVA , '

PROGRAM MATERIALS TEST PROGRAM c. Niekel-Bse Alloys• N m

Dola: 1 Jan. 196_

Page 03

Table 15

Tensile Properties of Inconel X-750 at
Room Temperature --d -_23°F"

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction Hardness

Material OF T_pe psi (0.2%)psi in 2"_ % in Area 1% Rockwell

conel X-750 170,700 109,700 27.O 41.2 C-36 i
50°F, 20 hr. 172,i00 109,500 26.O 43.8 C-34

Notched 159,600

(Kt= 6.5) 160,000
160,600
175,5oo

-423 Unnotched 214,900 132,O00" 23.5 32.4
219,700 136,000" 26.0 31.9

Notched 189,500

(Kt= 6.3)

Based on strain estimated from crosshead travel of tensile machine.
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3. Inconel 713-c

A very small increase in tensile and yield strength of this

alloy are observed at liquid hydrogen temperature compared to the corresponding

room temperature properties (from 104.800 to lll,750 for the tensile strength

and e_om oo n to 108,OO0 psi e,,_. _,_=i__+....+_ _T_+=+_o+ thi_ _J

notch-tough even though the ductility at -423°F is quite low (1.3% elongation).

This w_s also noted in the case of cast 347-c stainless steel, and is evidently

a characteristic of cast face-centered-cubic metals. At -423°F, Inconel 713-c

shows a higher yield strength and notched tensile strength than cast 347, and

has about the same ultimate _trength and ductility. Inconel 713-c is also noticably

stronger at room temperature than cast 347 but _Ach more brittle as shown by

lower elongation and area reduction. The test results are shown in Tables 13

and 16 and Fig_re 45.
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Table 16

Tensile Properties of Inconel 713-C (Investment Casting)
at Room Temperature and -423°F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Peduction Hardness
Material OF TyPe° psi _ in 2"t % in Area:__ Rockwell

Inconel 713 104.2 98,600 2.0 6.8 C-36 1
(investment 105.4 i01,i00 2.O !,.3 C-36.5
cast)

Notched i12,000

(Kt= 6.3) 115,7OO
118,000
121,500

-423 Unnotched 107.T 104,0OO_ 1..= 7.1 1
l_ _ 113,000"_/._ 1.0 2.7

Notched" 114,700
(Kt= 6.3) 129,300

132,900
133,900

,J

Based on strain estimated frQm crosshead travel of tensile machine.
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D. ALUMINUM ALLOYS

Table iT lists the chemical composition of all aluminum alloys as

obtained by sample analysis and compared to the corresponding specification

requirements.

JNC SS,F,EO
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Table 17

Chemical Analysis of Aluminum Alloys

H2 02 N2

Alloy Designation Cu Si Fe Mg _ Cr Zn Ti Others* ppm ppm ppm

A 356-T6 Specification MIn. 6.50 O.20 - -
Limit Max. 0.__0 7.50 0.20 0.40 O.lO O.lO 0.20 O.15

Sample Analysis 0.02 7.34 0.15 0.30 Nil - Nil 0.14

2219-_i Specification Min. 5.80 - - 0.20 - 0.02
Limit Max. 6.80 0,20 0.30 0.02 0.40 - 0.I0 0.iO O.15

Sample Analysis 5.5 0.08 0.20 Nil 0.9-5 - - O.O9V 4 1 17

5456-0 Specification Min. - 4.70 0.50 0.05 -
limit Max. O.lO 0.50 (Si+Fe) 5.50 1.OO O_20 0.25 0.20 0.15

_mple Analysis 0.08 0.06 0.20 5.29 0.70 O.11 0.04 .085 77 1 16

6061-T6 Specification Min. 0.15 O.40 0.80 0.15 - -
Limit Max. 0.40 0.80 0.70 1.20 O.15 0.35 0.25 O.15 0.15

Sheet Sample Analysis 0.24 0.54 0.50 0.90 0.03 0.20 0.03 0.088 30 1 7

Forging Sa_!e Analysis 0.54 0.61 0.28 0.85 0.05 0.16 O.12 0.06 O.02Ni

7079-_6 Specification M_hu. O.40 - P.90 O.lO O.lO 3.80 - -
Limit Max. 0.80 0.30 0.40 3.70 0.30 0.25 4.80 O.lO O.15

Sa_gle Analysis Not A_%ilable

Ba_,geshown refezs to 0.05 max. for each other element
and a total of 0.15_ max.
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1. AlloF A3>6-T6

The data presented are for c_stings made for the radiation

effects test program. Properties of the nozzle castings are reported in a

separate topical report (Reference 9).

_he room temperature tensile properties (30_600 psi I

ultimate; 23,800 psi yield strength and 3.2% elongation) obtained for this

alloy are below the typical properties reported by the vendor (39,700 psi

ultimate 27,300 psi yield strength, and 5.5% elongation for foil-thickness

naterial) indicating commercial quality casting. Figure 46 shows typical

photomicrographs of this casting at lOOX and lO00X magnifications. The

coarse grain size and needle like silicide particles irregularly distributed

together with pronounced inclusion content are co._ butors to the low

tensile properties.

The -423°F tensile properties reported (Table 18 and 19

and Figure 47) fall within the region of values which can be extrapolated

from data published by NBS, Reference 1. An increase of more than 20% on

the tensile strength and 26% on the yield strength from the respective

room temperature data was obtained for this alloy at liquid hydrogen temperature.

This increase in strength is coupled with a reduction from 3-2% to 2%

elongation. The notched-unnotched ratio of ultimate strength is approximately

0.76 indicating that the material is approaching brittle behavior.

1966013527-117
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Material Aluminum A356 T6 Lot Number 676604

Form 1/4" Cast Plate VendorCode

SpecificationQeA601 AGCCode AR

Condition Heat treatedto T_ Vendor AluminumCompanyof America

M ICROSTRUCTURE (Asreceived)
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ETP_A_T

....... -,o., _r.- .... =........_"_""_' "-_" " ' ,-", -" 0" "_'- Area: Generalstructure
• _ _...L_;_-_- _;,_.i _ /''• "' Iz_&T _'., " •' t - _,'_" •

,_.;_,_:_.._.t_-..¢_.,:,-_,._ :_Jil_;t- "_. _",,_.N_,._'_._.. ,,.9,.a;'-,.t, Microstructurcshowssolid:.-._.;__.,_..;'v,_=_:::_,,_,_.G._,:_¢_=_;_,_: • Y_ _,:_ r: =._.y_-. solutionaluminummatrix
.'_.__-.;._9(oa --_,_., =._, ,.,,,.- s .:m -_ ..... _:..., ,, withAl-st eutectic, note

_-[,_,_".._'_-.'._ -_:_ss ;._-, -_,. :.-,;,. _,_..L., , -._:,-:_ porosity.
_r--_;_. _-_-, ';/:"_!_ ...._i_ :'_L_c'?_IP" _ ?t_ _'[>1F" -Z"''_'-#. ' _ _-.

_._''=_,: _ :_fLf.-._"_',;,_..:'_..4;:':'_.."*',._". ",'_,;_"", "-. "-_."_

::j,.. , . _.,..;._._.

.:_,,-'.;"t. ::.::,_. . .. MAG: 100Q X

" : ETCHANT: Keller's
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Table 19

Tensile Properties of Cast Aluminum Alloy A-356-T6
at Room Temperatures and -42_°F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction

CF _EPe psi (0.2_),psi in 2 in. _ in Area

R_ Unnotched 28,300 25,300 4.5 2.4
29,500 20, 400 3-0 3.4
3l, 3oo - 2.5 l. 2
33,loo 25,600 3.0 2.6

Notched 28,600 - - -

(Kt=6.3) 28,700 - - -
29,7oo - - -
29,700 - - -

-4_3 Unnotched 47,900 43,000" 2.5 2.22
48,300 41,000 _ I.5 I.3

-423 Notched 36,700 - - -

(Kt=6.3) 36, Ooo - - -

*
Based on strain estimated from crosshead travel of tensile machine.

4CLASSIFIED _:" ='_
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2. Alloy 2219-T81

_le tensile properties, at both room temperatdre (o4,100

psi ultimate; 49_800 yield; 8.5 % elongation) and -423°F (94.,600 psi ultimate

70,000 psi yield and 13_ elongation), Tables 18 and 20 and Figure 48, coincide

with information published by other investigators (Reference 3). This

material, although developed for elevated temperature applications, has a

combination of high strength and ductility at -423°F, which make it a useful

candidate for cryogenic applications. The data show an increase in ductility

as compared with room temperature data. Other investigators have also

reported this trend (see References 2 and 4). The notched-unnotched ratio

at -423°F is 0.74, although the notched ultimate strength is still above

the unnotched yield strength. ALCOA is currently recommending the use of

this material, as well as the 5000-series of al_nin_l alloys as substitutes

or replacements for alloy 6061 in certain cryogenic applications.

JNCLASSIFIED _: =_=
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Table 20

Tensile Properties of Aluminum Alloy _219-T81
at Room Temperature and at -423_F

Ultimate Yield

Temp, Specimen Strength Strength Elongation Reduction

°F Type psi _0.2_),psi. in 2 in. _ in Areat _ Ii
2219-'1181 RT Unnot ched 64,i00 49,800 8.5 20.5 _

RT Notched 57,i00 - - -

57,900 - - -
(Kt=6.3) 59, 500 - - -69,3o0 - - -

¢
f_

_: -b_3 Unnotched 94, 200 70, 000" 12.0 :95. !
95,0o0 70,00o* 14.0 26.2

%

-k2_ Notched 70,500 - - -

(Kt=6.3) 69, 700 - - -

Based on strain estimated frmm crosshead travel of tensile machlne.

i,

R,,E®Ni UNCLASSIFIED ==
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3. Alloy 5456-0

This alloy is non heat-treatable 3 and was tested in the an-

lealed condition. Tensile properties (503900 and 85;1C0 psi ultimate strength

_6,500 and 303 500 psi yield; 16.8% and 24.8% elongation at room temperature and

423°F respectlvely 3 shown in Tables 18 and 21 and Figure 49) arc in good agree-

en_ with graphic data from Battelle Memorial Institute (Reference 3) showing

ood reproducibility. The notched tensile strength was lower by 15,000 psi than

nat reported by Battelle (443500 compared with 60_000 psi)3 although the stress

oncentration factor used w_s 6.33 while that used by Battelle was 13.5 - 15.

lis variation is probably due to the fact that Battelle used 0.505" round

_ecimens3 while Aerojet tested 0.125" flat specimens. However3 the notch ulbi-

_te strength obtained from these tests is much higher than the unnotched yield

;rength, indicating satisfactory notch toughness. Note the slight (10%) increase

yield strength and substantial increase (47%) in elongation at -423° as compared

, room temperature data. Consequently, this alloy is useful for cryogenic

,plications.

:LASSIFIED ..._.==F_=_
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Table 21

Tensile Properties of Aluminum AlloYo5_56-_ at
Room Temperatures and -423 F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction

OF Type _._s.i___.__ psi in 2 in. _ o_fArea_

5456-0 RT Unnotched 50,200 25,900* 16.0 26.2
51,600 27,lO0* 17.5 26.0

RT Notched 47,200 - - -

(Kt=6.3) 48, 200 - - -
48,500 - - -
48,500 - - -

@.
-423 Uunotched 84,600 2-9,500 26.0 28.0

85,600 31,500* 23.5 22.9

Notched 44,300 - - -

(lC3=6.3) 4_,300 - - -

Based on _;trainestimated from head travel of tensile machine

_iCLASS !F! ED "_'-- • - =_:
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4. Alloy 6061-T6

The unnotched tensile and yield strength of beth plate and

forged materials: (44,950 and 44,800 psi RT ultimate; 71,950 and 66,400 psi

-423°F ultimate; 41,900 and 40,600 psi RT yield; 52,500 and 52,900 psi -42_°F

yield) Tables 18, 22, and 23 and Figures 50, 51, 52 and 55 were in close agree-

ment with each other at both room and cryogenic temperatures and close]y

correspond to the data reported by NBS (Reference i). The yield and tensile

strengths _ncrease approximately 15% and 50%, respectively, when going from

room temperature to -423°F. The reduction in area (53.7%) and elongation (11.5%)

of the sheet material were appreciably lower than those of forged material

(50.7% and 19% respectively) at room temperature. The notch tensile strength

at -423°F was appreciably higher for the forged mater_al, but this may have

resulted; in part, from differences in the specimen size and configuration.

Standard size flat specimen were used for the i/4-inch plate and R-3 (subsize)

type specimens for the forgings. As in the case of the previous aluminum alloys,

high ductility and notch toughness make this alloy suitable for use under cryo-

genic conditions.

JN_! .&¢:_i F'II='l"t ......'............_11=_Iiii IMIILU¢ I|l_|lm_
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Table 22

Tensile Properties of Aluminum Alloy 6061-T6 Plate
at Room Temperature and -423°F

Ultimate Yield

Temp. Specimen Strength Strength Elongation Reduction

°F__.F__e p_t (o.2_),psi_-2 in._ in_ea_

6061-T6 RT Unhatched 44,800 423000 ii.0 34.8
Unnotched 45,i00 41,800* 12.0 32.4

RT Notched 42,300 - - -
44,I00 ....
44,600 - - -
44,800 - - -

-423 Unhatched 72,300 53,O00" 25.0 33-i
Unnotched 71,600 52,000" 22.5 34.2

Notched 62,000 - - -
Notched 60,000 - - -

*Based on strain estimated from head travel of tensile machine.

NJNCLASSIFIED ,,,_,=(_
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Table 23

Tensile PropertiPs of aluminum Alloj 6061-T6 Forging

at Temperatures from -423°F to + 400°F

UltlnBte Yield

Tengo. Specimen Strength Strength Elongation Reduction

°F Type psi (0.2_),psi in i in. ,,,_. in Area,

RT Unnotched 41j400 383400 19.0 64.4

_3,700 39,500 19.0 55.8
45,400 413i00 - 34.9
48,700 4334oo - 47.5

Notched 62,500

(Kt= 7 to 8) 63,I00
63,600
64,000

-i00 Unnotched 46,900 44,400 17.0 62.3
48, 40o 45, 5oo 18. o 54.9
51,700 433000 18.0 38.0
53,500 44,3OO 21.0 45.8

Notched 653400

(Kt = 7 to 8) 653900
673300
70,100

-320 Unnotched 613800 463500 - 38.-
623800 4.4, 200 - 34.3
6% 3OO 45, 9OO 24.0 38.2
64, 700 49,100 24.0 37.6

Notched 773800

(Kt= 6 to 8) 783000
7838OO
8O,OOO

-423 Unnotched 63,800 - 23.0 37.1
653 600 513100 23.0 32.8
68,100 54,300 - 37.8
68,200 533400 - 33.6

Notched 76,700

(Kt=7) _,_o
83,600
87,200

+200 Unnotched 45,900 403800 19.0 44.7
46,400 413i00 18.0 50.7
46,500 41,000 19.0 50.9
47,200 41,7oo 44.7

+400 Umnotched 38,200 35,000 21.0 52.5
38,300 35,500 49.3
38,400 343800 24.0 68.6
38, 5o0 L% 5oo 16. o 50.9

RE N
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Figure 52

Aluminum Alloy 6061-T6 Forging, Tensile Ultimate, Yield
and Notched Strength as a Function of Temperature
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Figure 53

Aluminum-_fl.loy 60_l-'I_ Forging - Elongation and Area Reduction
as a Function of Temperature
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5. AlloyTOT9-T6 l_-
l

This alloy has seen rather limited use because satisfy-:,tnry

arc _eiding ls difficult. However, its high strength (74,300 psi at room I

Itemperature) warrants attention, and a number of fabricators are experimenting

with _t. Tensile specimens conforming to Figures 3 and 4 were tested for

the sheet and plate material. R-1 type specimens were tested for the round

bars. In addition to the base materia], specimens as-welded, welded and

heat treated; and aged after welding were tested. The data from t_ese tests

8represented in Tables 18, 24 and 25 and in Figures 54 through 63. The

tensile pve_nerties for base metal (97,750 psi at -423°F) were lower than

those reported by Lewis Research Center for 1/8" sheet_ (ll5,000 ps_ ; Reference 4)

and by General Dynamics for 0.080" sheet (112,000 psi) and sli_Itly higher

than for 5.0" billet material (94,400 psi; Reference 5)- These comparisons

_ndicste that the samples tested had average strength characteristics. The

data for the as-welded sheet material (labelled rejectable quality weld)are

included for information only. Plate material which was fully heat-treated

after welding (_olution heat treat, 830°F, 30 rain,water quench, +5 days

at RT, + 250-250°F, 48 hours) had, as expected, much higher strength and

elongation at all temperatures than as-welded material, and between 80 and

92% of the values for parent metal. Welded and heat-treated specimens from

forged material exhib_.tedhigher strength at all temperatures than did welded

plate materlals.

The ba_e metal did not appear notch sensitive at temperatures

to -500°F, but the welded specimens indicated notch sensitivity below -lO0°F.

The very low ductility of tnls alloy and the indications of notch sensitivity

are significant disadvantages for cryogenic applications.
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1966013527-136



UNCLASSIFIED v. Test Results andDiscussion

'.- ' "
PROGRAM" MATER!ALS TEST PROGRAM D. Aluminum Alloys

Dote: i Jan. 1964

Page 119

Table 24

T_nsi!e Propc_ies of Aluminum Alloy 7079-T6 Plate. Base Material and
Weldments Heat Treate8 after WelBing at Temperatures -423°F± -300°F, -lO0°F

and Room Temperatures

Yield

Temp. Ultimat_ Strsmgth Elongation Rlonga;ion

Base Metal -iOO U 80,600 69,300 9.5 8.0

_(Kt--6) 82,6oo

-_oo u 89,7oo 77,ioo 6.o 5-o
u 9o,6oo 77,30o 6.o 8.o

N (Kt=6) 78,500
N 86,_00

-_3 u 97,750 5-o

N(Xt=_-5) 79,46O
N 7_,_O

Weldedand RT U 65,i00 58,000 ._.3
heat treated 65,700 58,500 5-O

67,l_O 58,I00 5-O
67,600 57,600 4.0
68,0o0 59,ioo 3.7
68,3oo 58,1oo 4.5
71,700 6_,400 3.7
72,700 64,_ 6.0

N(%=6.3) 63,6oo -
65,800
66,700 - -
66,800
76,600

-i00 WU 75,300 68,800 4.5 8.0
69,700 58,900 5-5 7-5

(_t=6) 69,300
68,i00
70,400
77,000
69,700
71,600

-5_ wJ 8%5oo 68,8oo 3.0 5.0
75,6o0 i. 5 z. 5
T2,300 69,50o 9.0 3.0

(xt=6) _7,6oo
7e,7o0
7e,600
74,300
58,6oo
65, 7oo
61,700

-_3 wu 8o,4oo
8o,500 2
74,500 2

(_=5.5) 60,170
62,390
7e,460
66,_90
44,94o
68,320
56,200
48.,330
60,710

U = unnotched
N = notched

WU= welded unnotched
WN= Welded notched
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Table 25

Tensile Properties of Weldments of 7079-T6 Aluminum Alloy, a_ Welded ando O
Welded-Aged Conditions at -lO0 F, -300 F and -423VF

Yiald

Temp. Ultim_i;e Strength Elo_gatlon Elongation

_ pi psi zm2_m._ _l_. %

As RT WU 39,000 38, 700 i, 5 -
welded.

WN 38,000 - - -

(Kt=6)

-i00 WU 41,300 41,300 2.0 7.0

(Kt=6)

-300 WU 49,i00 48, 200 3.0 4.3

w_ _, 7oo

(Kt=6)

-_5 _ 52,_ 2. o

32,150
(Kt_J

ho,aao
(Kt=6)

Aged RT NU 48,400 45,800 1.0 -
(only)
after WN 55,000 - - -

welding (Kt=6)

-i00 _ 623800 51,200 5.0 i0.0

WN 67,800

(_=6)

-300 WU 67,3o0 54,700 3.0 5-0

WN 41, 500

(_t=6)

-4.23 _.=6)- 32,83o'--1_

(Kt=6) 36, 420

.,, IEmN
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RE()N

1966013527-141



L/

UNCLAE'SIFIED v. Test Results and
Discussion

PR0 GRA M MATERIALSTEST PROGRAM D. _L_Cn__loys
I

Dole: i Jan.1964

Page 124

70 '"'"'"""'"::h:::::.:::l ............ =
:--.--..:

60 .........i......... I::':::::

" i!!ii!;:i!i!ii';-'i!;:_;iiiiii!,i!!ii_i;,,,"<'50 :.-:--_;_ii-_-:,_-.:--_:li;;--_.-_-:_i_i!i:-:
..,._ ': "-:"".....i "" I.::""="7 "_i_-_l:i.-_:_::l::::_.:-,:I - i _:iI;_ !iii!.:_:!i.:z 40 __-.:-!!:.!__
-- : ";!! ::!:::_-i;l.'-':.ii-"";i;i::i!-j;i:: ::.i "::::i::- :::.i_ -=_---'::'--':_::'-

:/-

20 -:ii_!!.......:::..:........;:_, '-:_F:--- ..... 1....

- " " : _" ::" " .:::::: :::':'_ iii--:iE :.:i':_i:: ::-::i'!- :'!;{i'_ ,::

-5OO " -3OO -IOO O IOO 3OO 500
TEMPERATURE,°F

_°1....!......i.....!.....:;:.l;!_?.:i_l;::.;ii_l_!;i;.;.i;iii_iiiii!!li;:'=;,i:;:!

I . ' .... ".':.:'::":::::!it:if.::.""::;:i"":","::I;::;::.

...... ,.,.. ,,I -.-= ...... ;,!: .......... iI ......... ;...,..........l;i............60• ! .......I • .. •!.-.---.-_-----.-.!.....-,-,,:...........".........., ....I.._........
' • I "I i "' :i:!!!:: .... :," ..:1!::,::!

•- .I..- ! • ].......i.....:-_....-..l:._::_::_i!_i;.;_i_i_i:;_:_i_!liil/;_
501 "'1.. I I" : ', ".":li ". !:" ::':':l_i;',::::!!_:i "':il=':!ii!:"

I.-: .-.I I ....!._: !_.....I.:"_:::1::_:.::i:_li."!!!.li:;::;._iilii::-_:i
"-'.'" "I: .... |'-- .-: • :::: ....... I.:.':;': I:-'..'": :. ':::; :.:.::.;;1!.;::, ,:

40_:;:_i,..-:I_:.:_::I.::.:,:..._:.::_I..._'..I::..::_,"::I :.i:i:;, I il:;:;i;:::_:;_1:..:_:._:.;i::.F:_-.::il;i:. :1..
_ol:;:i:_;_l-;.I::d_-_i__::'!ii;_!;_!i_i_t-:!_ii;l!_iiiq;:.---

":::::" !"" • I ..... ::: "::::"" • :" : :.-".;:'. I::;".'" ' •.... '...... I ....I!..:....,..., "!1":: .I . ....I.....:..I....:!:li.....il_!_i'i!'.,: :.
tu ,.,,,,a"'." :i _ " I ".:"_i::!: .:.]i::::!'::h.lii:i;:!!.::'!i" I::'. ""IIF:!.:.:I .... . •

_u .....- [.... _'.....-.....:"::::::'"'"':'":=:i;':;':t:'-::':"l:'!:':':"[.....
•. .:. ':. I:.-::1:-:::-:1;,.-:...:,.,....•... . ..,............,.....,.........,...,• :: .: . " . • .::' _i..;I:.['::.-.-- :.; _..I: • ::-

'" ....:T: ....! ....::.7_h::-zL.:=:.... ::I::_;;N:.:. ::l_U:::iiliZ='i_:::l_-:-;,.:-l--:: i "0
-500 -300 -I00 O IOO 3OO 500

TEMPERATURE,"F

Flgure 5T ,

__Luminum Alloy 7079-T5 Plate (Heat Treated After Welding),

Elongation and Area Reduction as a Function of Temperature

RE(_)N

1966013527-142



i
V. Test Results ana

UNCLASSIFIED DJ_cussion

INN:NERVA,_.,..=. ,.,...IIrIPROP_R.AU. MATERIALSTEST PROGRAM D. "_uminumAlioy_
/i t __

Date: 1 Jan. l_O_J4

l_age125

150 ................... _ ...... .._+...... ,......... 1.... . ........................ -,...........,i.....i............. _ .... _ ,...................... :.:-: ...........................
......... - ...... :;_.:':.'. ._.'":''""..:; ..... -...._ .... :--- h_., _:........... :i::-

140 ' • "'i"":'"'" • • : ......: • • I " ......
. IDi:_-a'¢ Tinsil¢ $1_'nglh .....

! ' i • 2. _o1_.1_'4Tr_l.!¢ Sb'emjIIh . _"""

.... :_.,| .... ,.._._ .......... i ,..._ ..... l ........ | ......... | . . 3. Yietd SL,¢'1_.h "::'::

130
.......... _'_--:_ _................... t ....... i!li_'-'_.!ii !-i-i _iiii.
._--_.:_ _:-',',',',': :z_:::'.'-: :::;:;:': :::::: ..... : ...............

......... ,-_ ....... • .... _.z_-..... ,- ............................... t ..................,2o_::': =============================================================.......................... _............ I _ :-::::::'_........._-.......!t_ .......';_-- - ........., -:----:_,::...............,........

ii !'-iiii!!i  i;i -ili:iii !iil',ii!ii!ii,ii',i',iii!--iii',iiI I0 _;_-_=-_h_=:_-:-!=-L::.-:::=_:i_:!::_-;.--:-,----....,......,.'.....- -.

;==-;'__"_'_-_J:=============================::-iiii!]ti:::i................!itlii::i-iii:::::::::::::::::::::::::::
"_- �<�:'"I • :--_i--;'-_-_'--- .'-- '--I ....... "t-';-;;;;;;t ...... "" .-1 ....... i ........

90 "" " '.... :,, ...... ,,,

I_. : i :
0 i I" I i

0 80 .......:......... i "• '.
0 ""

,, i

(E 70 ................... : ........... ="
Ill " "" |

:':::::::i!;:n .... !'::._..::!:!"!:":'_! ' .... .":1. " --i ........ _-- • _ - - _.....

m: 60 -:_v:t!;_::_l_:_;:l:;:_ ......._ ' '......
(/)1-" ..::::ul:::.::: '::!iiiT!i: : ; : !; li :; ;'i....... i:i!50 :li:' .:-',': : "" ' : ....: ...... : "":::i:::::,:_,, I ,!: :

• "...:..I:':::-.."- ;.. ' "' _ :

:iii:iiiilii:L.eqm'-m=l_,,_.,-,;',;.,,,A_..F.-- I : : ,
:---:-.'I ._._...i.=_.m.. --"_---=..l'J "i ...... i i

40 :;u...,.t!;::::.:.l:ii:i:i!!i;:ii:i::::::::::::::::::::::::::: l::.-.i-:i
'" ! ..... '_ _....... :;+'_ "_+::':"t::" "" " ':':':"
::: : : ::: " ::: :::::::: :"i'::: '::::::": ":::::::: :::;i::t _:;'::::: :::::i :l_::_!::u

:301,...............,_._........, .............. ..............._.+.:...,,._._......:,_::.2:;::':;: .... :::;2;:2;;;;:,: ;47:;::;,'.::;:;:; ::;::: .!.:;::E:;:'+J..::22!'J:::::::-::-:;2; -i

20 ...... :

.....'......!t,i;l....Ii':........... i li_lliiiiilT:.i:;:;;,_,,.:........... :.i-_:,......:i: ..... rlI ..... 11::_ !i, :!_,i :: .........................I0 !_i:;il;"' ....."'ill ,+ t'#"_! _.

":

:'i:: : : : :

-500 -500 -100 0 100 300 500

TEMPERATURE,°F

Figure 58

Aluminum Alloy 7079-T6 Sheet as Welded,
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Aluminum Alloy TOT9-T6, Comparison of Tensile £x'operties
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E. TEFLON-BASE MATERIALS

The tensile strength of the Teflon (TFE) at -423°F is much lower

than that of similar material tested by REON for evaluation of radiation

effects, as reported in Reference 8; which had an average ultimate strength

of 19,978 psi. However, the low values reported herein coincide with information

published by NBS, Reference l, for TFE having 72¢ crystallinity. The high

values noted above would coincide _ith 52_ crystallinity. Thus, the cryogenic

tensile properties depend on the crystallinity of the material.

The cryogenic properties of Armalon are equivalent to those

reported in Reference 8, while properties of Rulon-A are slightly higher.

Room temperature ultimate strengths of both Armalon and Rulon-A coincide with

values published by the manfacturers. The data are presented in Tables

26 and 27 and Figures 64, 65, and 66.
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Table 26

Average Tensile Properties of Teflon-Base Materials

Ultimate

Tensile Strength Elongation

M_terlal _ psi (0.2%) psi in 2 in. %

Teflon RT 7433 7350 6.35

-423°F
0

Arnmlon RT 8940 - -

-b23°F 2b_OO - 12.05

Rulon A RT 2480 - -

-4e3°F 9466 3800 6.6

Table 27

Tensile Properties of Teflon-Base Material at Room Temperature and -425°F

Ultimate Yield Elongation*

Temp. Strength Strength in 2 in. 3 (approx.)

Mhterial OF psi (0.2_),psi

Teflon -423 5,600 - 5.5

832C0 8,i00 7.2

8,500 6,600

Armalon R.T. 6,300

6,300
8,600 -

i0,900
12,600

-4_P.3 23,i00 13.6

25,300 I0.5

Rulon A R.T. i,900 -
2,400 -

2,700 -

2,700 -
2,700 -

-423 6,i00 3,800 6.i
lO,80o 6.8
ii,500 6.9

Based on to_l crosshead movement divided by 2.00 in. gage length.
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